The observation of friction anisotropy on graphene by friction measurement at atomic scale has been reported in this paper. Atomic-scale friction measurement revealed friction anisotropy with a periodicity of 60°, which is consistent with the hexagonal periodicity of the graphene. Both experiments and theory show that the value of the friction force is related to the graphene lattice orientation, and the friction force along armchair orientation is also larger than the one along zigzag orientation. These results will play a critical role in the use of graphene to manufacture nanoscale devices. 
A significant anisotropy in friction has been observed in various materials by friction measurement [1] [2] [3] [4] [5] [6] . Unfortunately, very little is known about the friction anisotropy on graphene, which is very important for graphene development and application. Although, graphene has displayed amazing properties in nanoscale devices, such as FET [7] [8] [9] [10] [11] , highly sensitive sensors [12] [13] [14] , super-capacitor [15] , and ideal transparent electrodes [16] , the absence of energy band gap in graphene still stands as a grand challenge for its application in conventional semiconductor devices. Theoretical and experimental studies have indicated that the electrical properties of graphene are strongly related to its size, geometry and edge structure. However, graphene nanoribbons can display metallic or semiconductive properties based on their different geometry configurations with band gap tunable by width [17] [18] [19] [20] . Many different graphene patterning methods have been developed, such as Catalytic Cutting Technique [21] [22] [23] [24] , SPM based Electric Field Tailoring Technique [25] [26] [27] , Energy Beam Cutting [28] [29] [30] , AFM-based nanolithography [31] , etc. However, all existing methods lack feedback control; hence the cutting process is not controllable. The controllability of graphene engineering is very important for graphene-based electronics. Therefore, it becomes absolutely necessary to introduce feedback control mechanism into graphene engineering. A close-loop fabrication method with interaction force as real-time feedback needs to be developed for tailoring graphene into desired edge structures and shapes based on the fact that the cutting forces vary with different lattice orientations (zigzag or armchair). Consequently, the friction anisotropy of graphene will provide meaningful evidence to this prediction. However, no experimental observations of friction anisotropy on graphene at atomic scale have been reported to date. Recently, Choi et al. [32] re-ported friction anisotropy with a periodicity of 180° on each friction domain, which arises from ripple distortions and is not the result of the hexagonal periodicity of graphene. So it is unrelated to the 60° angle between principal crystallographic directions of graphene.
Here, the relationship between lattice orientation and friction force of graphene is investigated at atomic scale both theoretically and experimentally. Both results reveal that the value of the friction force is related to the graphene lattice orientation, and the friction force along armchair orientation is larger than the friction force along zigzag orientation. The finding lays the theoretical and experimental foundations to build a close-loop fabrication strategy with real-time force as sensor feedback to control the cutting direction with lattice precision.
Theoretical modeling
The relationship between friction forces and lattice orientations of graphene is studied by a two-dimensional Tomlinson model [33] :
where m x and m y are the effective masses of the system, k x and k y the spring constants, and  x and  y are the damping constants.
For the sake of obtaining a numerical solution to eq. (1), suitable parameters must be found. However, the exact values of these parameters can't be obtained from experiments. Therefore, these parameters have to be estimated. All the numerical calculations presented here are obtained using the set of parameters in ref. [33] which is described as follows: V 0 =0.5 eV, k x =k y =25 N/m (which are commonly supposed to be typical for AFM experiments), m x =m y =10 8 kg (with this effective mass, the system has a typical resonance fre-
k m (critical damping), and  M =40 nm/s (a commonly used scan velocity).
Since the interaction force between AFM tip and graphite is similar to the one between AFM tip and graphene, the interaction potential of graphene used here is described as follows [33] :
where a=0.246 nm. The lattice structure can be rotated by a simple coordinate transformation, whereas the [100] direction is defined as lattice angle 0° (see Figure 1) . From the lattice structure of graphene shown in Figure 2 , the lattice angle 0° indicates zigzag orientation. Figure 3 presents the calculated friction force over a 160° range of lattice angles. 30°, 90° and 150° indicate armchair orientation. 60° and 120° indicate zigzag orientation. It can be seen that the friction forces along the same lattice orientation are nearly the same, and the friction force along armchair orientation is larger than the one along zigzag orientation, which is further demonstrated by experiments.
Experiments and methods
Graphene was prepared by Institute of Metal Research (IMR), Chinese Academy of Sciences with micromechanical cleavage of bulk graphite [34] . Friction measurements were performed in contact mode using a Multimode AFM in air under ambient conditions (30%-57% relative humidity, 20°C-50°C). Silicon AFM probes with rectangular cantilevers were used with scan size 5 nm across. Its radius, length, width, height and thickness are 10 nm, 450 μm, 50 μm, 10 μm and 2 μm, respectively. Normal spring constant is 0.2 N/m. The scan rate was set at 39.5 Hz and the total number of lines per image, which defines the pixel resolution of the image, was kept constant at 256. The forces applied to the rectangular cantilever can be calculated by the following equation:
where S l is the lateral signal output, K l ≈K n /l, K n can be easily obtained by finding the slope of the force curve, k l is the torsional constant of the cantilever, which can be calculated by k l =Gwt 3 /3l. Therefore, the friction force F l can be calculated by F l = F y /sin, where  is the angle between the tip motion direction and the X-axis of the cantilever frame. For more details see ref. [35] .
Results and discussion
The relationship between lattice orientation and friction force of graphene is investigated at atomic scale experimentally. Firstly, the thickness of graphene measured in experiment is around 2 nm as shown in Figure 4 (a). Atomic friction was measured in the rectangle area in Figure 4 (a) with a scan angle of 25°. Figure 4 (b) displays a raw atomic resolution image and a lateral force signal profile shows that the periodicity of lattice structure is 0.25 nm≈a ( Figure  4 (c)), which indicates the zigzag orientation. Figure 4 (d) is the image filtered by FFT and the real lattice structure (solid line) is presented in Figure 4 (e), which also shows that the scan direction is zigzag orientation. Hence, the scan angle 25° corresponds to the lattice angle 0°. The relationship between lattice angles and friction forces is presented in Figure 4 (f). It's also shown that the friction forces along zigzag orientations are smaller than the friction forces along armchair orientations. The experimental result shows the inconsistence with the simulation result. This is because the theoretical result is simulated in ideal conditions, but in the experiment there are usually some uncertainties so that the ideal distribution is not always shown. For more solid proof, another experiment is carried out. The thickness of graphene is around 2.7 nm as shown in Figure 5 (a). A row atomic resolution image is obtained with a scan angle of 55° as shown in Figure 5 (b). The periodicity of lattice structure is 0.416 nm≈ 3a (see Figure 5(c) ), which indicates an armchair orientation. This is demonstrated in Figures 5(d) and (e), which are the filtered image and real lattice structure image, respectively. The friction force measurement results are presented in Figure 5 (f). The scan angle corresponds to lattice angle 30°. By comparing it with the first result, this friction force distribution matches well with the simulation result and the friction force along armchair orientation is also larger than the zigzag orientation. Due to the difference of the thickness between the two graphene sheets, the friction force of the thinner graphene (first result) is larger than the thicker one (second result), which is consistent with the published papers [36, 37] . Both of the two experimental results show that the friction forces vary with the lattice orientations of graphene. This will play a critical role in building a close-loop fabrication strategy with real-time force as sensor feedback to control the graphene cutting direction for nanomanufacturing.
Conclusions
As we know, the electrical properties of graphene strongly rely on its configurations, so fabricating graphene into desired shapes is one of the enabled technologies to speed up the progress of practical applications of graphene. However, the current graphene patterning methods all lack feedback control mechanism, which is significant for graphene cutting precision. In this paper, a joint theoretical and experimental study of friction anisotropy on grapheme is investigated. Experiments and theory agree that the value of the friction force is related to the grapheme lattice orientation, and the friction force along armchair orientation is larger than the friction force along zigzag orientation. The above discovery proves the feasibility to develop an AFM based mechanical graphene cutting method with interaction force as real-time feedback.
